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Bone morphogenetic proteins (BMPs) have been implicated in regulating multiple stages of bone development. Recently it
has been shown that constitutive activation of the BMP receptor-IA blocks chondrocyte differentiation in a similar manner
as misexpression of Indian hedgehog. In this paper we analyze the role of BMPs as possible mediators of Indian hedgehog
signaling and use Noggin misexpression to gain insight into additional roles of BMPs during cartilage differentiation. We
show by comparative analysis of BMP and Ihh expression domains that the borders of Indian hedgehog expression in the
chondrocytes are reflected in changes of the expression level of several BMP genes in the adjacent perichondrium. We further
demonstrate that misexpression of Indian hedgehog appears to directly upregulate BMP2 and BMP4 expression, indepen-
dent of the differentiation state of the flanking chondrocytes. In contrast, changes in BMP5 and BMP7 expression in the
perichondrium correspond to altered differentiation states of the flanking chondrocytes. In addition, Noggin and Chordin,
which are both expressed in the developing cartilage elements, also change their expression pattern after Ihh misexpression.
Finally, we use retroviral misexpression of Noggin, a potent antagonist of BMP signaling, to gain insight into additional
roles of BMP signaling during cartilage differentiation. We find that BMP signaling is necessary for the growth and
differentiation of the cartilage elements. In addition, this analysis revealed that the members of the BMP/Noggin signaling
pathway are linked in a complex autoregulatory network. © 1999 Academic Press
Key Words: Ihh; BMP; Noggin; Chordin; chondrocyte differentiation.c
c
p
b
t
r
fi
s
w
(
B
e
b
g
t
K
rINTRODUCTION
In vertebrates, the bones of the axial and appendicular
skeleton develop by a multistep process called endochon-
dral ossification (Erlebacher et al., 1995; Hinchcliffe and
Johnson, 1980). The first step of endochondral ossification
is the condensation of mesenchymal cells which subse-
quently differentiate into chondrocytes and form the tem-
plates for the bones. Starting in the middle of the cartilage
elements, chondrocytes differentiate into hypertrophic
chondrocytes, a step that is necessary for the invasion by
blood vessels and the subsequent replacement of cartilage
by bone. The cartilage elements are surrounded by a thin
layer of flattened cells, the perichondrium. In parallel with
the differentiation of hypertrophic chondrocytes, the peri-
1 To whom correspondence should be addressed at present ad-
dress: Max-Planck-Institut fuer Molekulare Genetik, Ihnestr.
73, 14195 Berlin, Germany. Fax: 49-30-8413-1130. E-mail:mvortkamp@mpimg-berlin-dahlem.mpg.de.
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All rights of reproduction in any form reserved.hondrium flanking the differentiating and hypertrophic
hondrocytes differentiates into an osteoblast-containing
eriosteum, which secretes a layer of primary bone, the
one collar. Signals from the perichondrium/periosteum are
hought to interact with signals from the cartilage itself in
egulating the early steps of embryonic endochondral ossi-
cation.
Bone morphogenetic proteins (BMPs) are a conserved
ub-family of the TGFb superfamily of secreted proteins,
hich regulate a number of embryonic patterning events
for a review, see Hogan, 1996; Kingsley, 1994a,b). Although
MPs were originally identified by their ability to induce
ctopic bone (Wozney et al., 1988), their role in embryonic
one formation is not well understood yet.
During early stages of endochondral ossification BMP
enes as well as their receptors are expressed in distinct cell
ypes within the cartilage elements (Kawakami et al., 1996;
ingsley, 1994b; Zou et al., 1997). For example, BMP
eceptor-IA is expressed at low levels throughout the limb
esenchyme at early stages and is later found in chondro-
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240 Pathi et al.cytes undergoing hypertrophic differentiation (Zou et al.,
1997). BMP ligands are likewise expressed during chondro-
cyte differentiation. BMP2, BMP4, BMP5, and BMP7 are
xpressed in the perichondrium surrounding the cartilage
lements (Jones et al., 1991; Kingsley, 1994b; Lyons et al.,
1989, 1990), whereas BMP6 is expressed in the hypertrophic
nd prehypertrophic chondrocytes themselves (Kingsley,
994b; Vortkamp et al., 1996).
Analysis of mutations in BMP genes has not yet provided
uch information concerning their roles in bone develop-
ent. Targeted disruption of either BMP2 or BMP4 leads to
early embryonic lethality (Winnier et al., 1995; Zhang and
Bradley, 1996) and the loss of BMP7 results mainly in an
anterior–posterior patterning defect of the limbs (Dudley et
al., 1995; Luo et al., 1995). Only the disruption of BMP5 in
the short ear mutant results in the loss of specific cartilage
condensations and the shortening of other skeletal ele-
ments (King et al., 1994; Kingsley et al., 1992) directly
implicating BMP signaling during bone development. An-
other line of evidence supporting the hypothesis that the
BMP genes regulate the development of the long bones is
provided by experiments overexpressing BMP2 and BMP4
uring chick limb development, which result in an over-
rowth of the cartilage elements (Duprez et al., 1996a). The
ame is true for misexpression of constitutively active type
BMP receptors (Zou et al., 1997), whereas misexpression of
ominant-negative forms of BMP receptors results in a
hortening of the cartilage elements (Kawakami et al., 1996;
ou and Niswander, 1996).
Indian hedgehog (Ihh) is another secreted factor expressed
t several critical stages during endochondral bone develop-
ent (Bitgood and McMahon, 1995; Vortkamp et al., 1996,
998). During hypertrophic differentiation Ihh expression is
strongly restricted to the prehypertrophic chondrocytes.
While the proliferating chondrocytes may respond to the
Ihh signal at this stage, the perichondrium seems to be the
primary target tissue of Ihh signaling as judged by the high
level of expression of the Ihh target genes Ptc and Gli (Tabin
and McMahon, 1997; Vortkamp et al., 1996, 1998). Misex-
pression of Ihh in the developing cartilage elements pre-
ents the differentiation of hypertrophic chondrocytes, sug-
esting that the normal role of prehypertrophic expression
f Ihh is to negatively modulate the rate of chondrocyte
differentiation (Vortkamp et al., 1996). This negative effect
on chondrocyte differentiation seems to be mediated by
another secreted factor from the periarticular perichon-
drium, Parathyroid hormone-related protein (PTHrP) (Ami-
zuka et al., 1994; Karaplis et al., 1994; Lee et al., 1995, 1996;
Suva et al., 1987; Weir et al., 1996), since Ihh misexpression
upregulates PTHrP in the perichondrium and Ihh has no
effect on chondrocyte differentiation in the absence of
PTHrP (Vortkamp et al., 1996). However, the induction of
PTHrP in the joints of the cartilage elements requires the
transfer of the initial Ihh signal over a long distance along
the cartilage elements and the hedgehog target genes Ptc
and Gli are not expressed at high level in the periarticular
region. It is therefore likely that other factors are involved
Copyright © 1999 by Academic Press. All rightin mediating the primary Ihh signal from the prehypertro-
phic chondrocytes to the periarticular perichondrium to
regulate PTHrP.
Several members of the BMP family are expressed in the
perichondrium flanking the Ihh expression domain and also
in the joint region of the developing limbs, suggesting a
potential interaction with the Ihh/PTHrP signaling path-
way. Interestingly, overexpression of constitutively acti-
vated BMP receptor-1A results in a phenotype that is
similar in several respects to that produced by Ihh overex-
pression (Zou et al., 1997). Both show a block in chondro-
cyte differentiation and both lead to the upregulation of
PTHrP in the periarticular perichondrium. The upregula-
tion of PTHrP after activated BMP receptor-IA misexpres-
sion is not accompanied by an upregulation of Ihh, indicat-
ing that BMP signaling acts downstream or in parallel to Ihh
during chondrocyte differentiation (Zou et al., 1997).
BMP signaling in the embryo can be antagonized by the
activity of several other secreted proteins including Noggin
and Chordin. (Hirsinger et al., 1997; Marcelle et al., 1997;
Reshef et al., 1998; Sasai et al., 1994; Smith and Harland,
1992; Smith et al., 1993). Biochemical analysis demon-
strated that both Noggin and Chordin directly bind BMP
proteins, thereby preventing them from interacting with
their receptors (Piccolo et al., 1996, 1997; Zimmerman et
al., 1996). During limb development Noggin has recently
been shown to negatively regulate the size of the developing
cartilage elements (Capdevila and Johnson, 1998; McMahon
et al., 1998; Merino et al., 1998).
To further examine the role of BMPs during bone devel-
opment we analyzed the expression of several BMP genes
and their antagonists Noggin and Chordin during cartilage
differentiation, and examined possible interactions of the
BMP and Ihh signaling pathways. In addition, we tested the
importance of BMPs during cartilage development by block-
ing the BMP signaling pathway. We found that members of
the BMP family, as well as the antagonists Noggin and
Chordin, are differentially expressed in the developing
cartilage elements in domains suggestive of a relationship
to Ihh expression. Moreover, Ihh misexpression differen-
tially regulates the expression of the various BMP genes as
well as the expression of Noggin and Chordin. Since Noggin
acts as an antagonist to a number of BMPs, we used its
misexpression as a tool for probing BMP function, thereby
circumventing the difficulty posed by redundancy in ge-
netic loss-of-function experiments. Overexpression of Nog-
gin during cartilage development results in a dramatic
shortening of the skeletal elements. The morphological and
molecular analysis of these phenotypes indicates that BMP
signaling is important for several different steps of cartilage
development.
MATERIALS AND METHODS
Misexpression of Ihh and Noggin
Ihh and Noggin expressing RCAS-A retroviruses (Capdevila andJohnson, 1998; Vortkamp et al., 1996) were injected into the
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241Ihh and BMP/Noggin Signaling during Cartilage Differentiationhindlimb primordia of Hamburger–Hamilton (HH) (Hamburger and
Hamilton, 1951) stage 10 chick embryos or into the posterior wing
bud of HH stage 22 chicken embryos (embryonic day 3.5) as
described elsewhere (Morgan and Fekete, 1996; Vortkamp et al.,
996). Chicken embryos were harvested at the appropriate stages
fter infection (at embryonic day 5 (HH stage 26), day 6, 8, or 10)
nd fixed in 4% Paraformaldehyde, followed by dehydration and
mbedding into paraffin for in situ hybridization on serial sections.
For Alcian blue staining embryos were fixed in ethanol and
stained according to Goff and Tabin (1997). Pathogen-free, outbred
eggs were received from SPAFAS (Norwich, CT).
In Situ Hybridization
Whole mount in situ hybridization and radioactive in situ
hybridization were carried out as described (Vortkamp et al., 1996).
For parallel radioactive in situ hybridizations three consecutive
6-mm sections were collected onto series of 4 to 6 slides, depending
on the size of the embryos. Hybridization was carried out with
[33P]UTP-labeled RNA probes in 50% formamide at 70°C. The
stringency of the final wash was 55°C in 50% formamide and 23
SSC. The slides were exposed for 2–7 days, developed and counter-
stained with toluidine blue.
Probes for hybridization were Ihh (Vortkamp et al., 1996), Col-IX
Nishimura et al., 1989), Col-X (LuValle et al., 1988), BMP2, and
MP4 (Roberts et al., 1995). BMP5 and BMP7 were derived from the
ame screen as BMP2 and BMP4 and were linearized and tran-
cribed as follows: BMP5, EcoRV/T3; BMP7, HindIII/T3; Noggin
Capdevila and Johnson, 1998). Chordin was a gift of K. Lee and was
inearized and transcribed with PstI/Sp6; PTHrP (Schermer et al.,
991).
RESULTS
Relative Domains of Ihh and BMP Expression
during Cartilage Differentiation
Both Ihh (Vortkamp et al., 1996) and BMP (Zou et al.,
1997) signaling has been implicated in regulating bone
development and controlling PTHrP expression. To address
whether these signaling systems might be integrated into a
single pathway, we examined the relative expression do-
mains of Ihh, BMP2, BMP4, BMP5, and BMP7 during the
onset of hypertrophic cartilage differentiation in developing
chick wing. On day 6 of chick embryonic development
cartilage cells in the central regions of humerus, radius, and
ulna start to differentiate, with the first cells being fully
differentiated into hypertrophic chondrocytes on day 8.
These hypertrophic cells in the center of the skeletal
elements are flanked by zones of prehypertrophic cells
committed to differentiate and more distally by proliferat-
ing chondrocytes. From day 6 onward Ihh is strongly
expressed in the prehypertrophic cells, while it is down-
regulated in the hypertrophic cells themselves from day 8
on (Fig. 1; Vortkamp et al., 1996).
At these stages, BMP2, BMP4, BMP5, and BMP7 are
expressed to varying extents in the perichondrium flanking
the cartilage elements (Fig. 1; Kingsley, 1994b; Zou et al.,
1997). The expression domain of BMP7 in the perichon-
drium strongly correlates with that of Ihh in the cartilage,
Copyright © 1999 by Academic Press. All rightencompassing the hypertrophic and the Ihh expressing
prehypertrophic cells. BMP4 is strongly expressed in this
same region of the perichondrium, although its expression
also extends, at a weaker level, further toward the distal
ends of the skeletal elements. There is a sharp transition in
the BMP4 expression level which correlates precisely with
the distal extent of the Ihh expression domain. BMP2 shows
a similar pattern of expression, although the difference in
the level of expression between the tissue adjacent to Ihh
expression and the more distal perichondrium is not as
great as for BMP4. BMP5 is expressed in a complementary
pattern, with a weaker expression flanking the expression
domain of Ihh and a stronger expression outside the Ihh
expression domain, flanking the proliferating chondrocytes.
None of these expression domains extend as far as the distal
ends of the skeletal elements. However, all four BMP genes
show an additional discrete expression domain in the joint
regions. BMP4 and BMP2 are strongly expressed at both the
wrist and elbow joints (Fig. 1, arrowheads), while BMP5 and
BMP7 are weakly expressed in very restricted regions at the
ends of the bones, not visible in all sections (data not
shown).
Ihh Misexpression Alters Expression of BMPs in
the Perichondrium
The correlation between the BMP and Ihh expression
domains reinforces the possibility of an interaction be-
tween the two signaling systems. To analyze if BMP signal-
ing acts downstream of Ihh we examined the expression of
BMP2, BMP4, BMP5, and BMP7 after misexpression of Ihh
in the developing chick limb. The analysis was complicated
by the fact that some of the BMP genes are also expressed in
muscle and tendons and that these structures are heavily
disturbed after Ihh misexpression (data not shown). We
herefore targeted the misexpression of Ihh to the posterior
egion of the wings at HH stage 22. This protocol resulted in
high infection of the posterior ulna, whereas the unaf-
ected anterior radius could be used as an internal control
Vortkamp et al., 1996). In addition we restricted our
nalysis to the skeletal elements themselves.
On day 8 of development the expression patterns of all
our BMP genes were affected by Ihh misexpression (Fig. 2).
MP2 and BMP4, were expressed throughout the perichon-
rium after Ihh misexpression. These genes are normally
xpressed most strongly flanking the Ihh expressing prehy-
ertrophic and the hypertrophic cells. Following Ihh misex-
ression, which has been shown to block the differentiation
f hypertrophic chondrocytes (Vortkamp et al., 1996), high
evels of BMP2 and BMP4 expression are found adjacent to
ess differentiated, proliferating cells. The expression do-
ains extend toward the ends of the cartilage elements and
ometimes nearly surround the infected ulna. In locations
here Ihh misexpression is strongest, there is a correspond-
ng intense expression of BMP2 and BMP4 in the adjacent
perichondrium (see arrowhead in Fig. 2). These data suggest
that BMP2 and BMP4 expression are directly upregulated by
s of reproduction in any form reserved.
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cytes.
In contrast, after misexpression of Ihh, the expression
patterns of BMP5 and BMP7 are similar to those normally
een adjacent to the proliferating chondrocytes. BMP7 is
ormally expressed in discrete regions of the perichon-
rium, flanking the Ihh-expressing prehypertrophic and the
ypertrophic cells. Following Ihh misexpression, when this
state of cartilage differentiation is blocked, BMP7 expres-
sion is significantly diminished, either with remnants of
FIG. 1. The boundaries of Ihh expression in the cartilage coincide
of day 8 chicken wings were hybridized with 33P-labeled RNA probe
a strong expression domain in the perichondrium flanking the Ihh e
expression domain, whereas BMP5 displays the inverse pattern
expression of Ihh. The hybridization for Ihh is shown in dark field
the boundaries of the Ihh expression domain. Arrowheads point to
H, humerus; U, ulna.expression restricted to narrow regions in the infected I
Copyright © 1999 by Academic Press. All rightumerus and ulna or is completely absent up to day 8 of
evelopment.
BMP5, on the other hand, is highly expressed in the
erichondrium along the entire infected cartilage elements,
ncluding the central regions of the shaft where it is
ormally produced to a lesser extent. The level of BMP5
xpression in infected cartilage elements is similar to the
MP5 expression level outside the Ihh expression domain
in uninfected cartilage elements. Thus, the correlation of
the expression boundaries of BMP5 and BMP7 with that of
changes in BMP expression in the perichondrium. Serial sections
chick Ihh, BMP2, BMP4, BMP5, and BMP7. BMP2 and BMP4 show
ssion in the chondrocytes and a weaker expression outside the Ihh
xpression intensities. BMP7 expression coincides best with the
in bright field to compare signals with morphology. Arrows mark
expression of BMP2 and BMP4 in the perichondrium of the joints.with
s for
xpre
of e
and
thehh does not reflect a direct regulation by Ihh, but rather
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243Ihh and BMP/Noggin Signaling during Cartilage Differentiationappears to be dependent upon the differentiation state of the
adjacent chondrocytes.
Noggin and Chordin Expression during Cartilage
Differentiation
Both Noggin and Chordin have been shown to antagonize
BMP signaling. To investigate, whether these proteins
modulate BMP signaling during the development of the
FIG. 2. Ihh misexpression changes the BMP expression pattern
Ihh-expressing retrovirus. On day 8 serial sections of the infected w
BMP4, BMP5, and BMP7. After Ihh misexpression the expression o
he differentiation state of the chondrocytes and seems to depend
xpression at the distal ends of the skeletal elements, which flanks
infection seems to reflect the expression level normally found ou
ownregulated. Therefore the change in the expression level seems t
y Ihh. U, ulna; R, radius.skeletal elements, we first analyzed the expression of both
Copyright © 1999 by Academic Press. All rightgenes during cartilage differentiation in the developing
chicken wing (Fig. 3). At embryonic day 6 and day 8 of chick
development Noggin is strongly expressed in the cartilage
condensations of the digits (Figs. 3A and 3B), which are in a
relatively early differentiation state. In skeletal elements at
more advanced stages such as humerus, ulna, and radius at
embryonic day 8, Noggin expression becomes progressively
restricted to the ends of the developing cartilage elements,
distal to the proliferating chondrocytes (Fig. 3C). In addi-
stage 22 chicken wings buds were posteriorly infected with an
were hybridized with 33P-labeled RNA probes for chick Ihh, BMP2,
P2 and BMP4 is upregulated in the perichondrium independent of
tly on the expression of Ihh. Arrowheads mark a region of strong
main of high Ihh expression. BMP5 and BMP7 expression after Ihh
e the Ihh expression domain. BMP5 is upregulated and BMP7 is
an indirect consequence of the block of chondrocyte differentiation. HH
ings
f BM
direc
a do
tsid
o betion, a low level of Noggin expression is maintained to-
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244 Pathi et al.wards the central core of the cartilage elements in the
proliferating and differentiating chondrocytes, whereas the
hypertrophic chondrocytes themselves do not express Nog-
gin (Fig. 3C). Although its expression gets weaker over time,
a discrete Noggin expression domain in the distal ends of
the skeletal elements can still be found on day 10 of chick
development (data not shown).
At the same stages of cartilage differentiation Chordin is
strongly and exclusively expressed in the periarticular peri-
chondrium of the skeletal elements in a pattern similar to
that of PTHrP . Comparison of PTHrP and Chordin expres-
FIG. 3. Noggin and Chordin are expressed in the developing carti
f a digoxygenin-labeled Noggin probe to a day 6 chicken embryo r
n situ hybridization of Noggin (B and C), Chordin (D) and PTHrP (E
expression of Noggin is found in the less-differentiated digits (B), w
the ulna (C) becomes restricted to the distal ends of the skeletal
overlapping with the expression of PTHrP (E). Arrowheads indicatesion on parallel sections revealed that Chordin expression (
Copyright © 1999 by Academic Press. All rightoverlaps with but is wider than that of PTHrP (Figs. 3D and
3E). The expression of both, Noggin and Chordin, in the
distal ends of the developing cartilage elements reinforces
the idea that regulation of BMP signaling at the joint region
plays a key role in controlling chondrocyte differentiation.
Noggin and Chordin Are Upregulated by Ihh
Misexpression
The similarity of the Chordin expression domain to that
of PTHrP, which is upregulated in response to Ihh signaling
elements of chicken limbs. (A) Whole mount in situ hybridization
ls the expression in the cartilage condensations of the digits. (B–E)
ction of day 8 chicken wings using 33P-labeled RNA probes. Strong
as Noggin expression at later stages of cartilage development as in
ents. Chordin (D) is expressed in the periarticular perichondrium
pproximate boundary of Ihh expression. U, ulna; R, radius; D, digit.lage
evea
) to se
here
elemVortkamp et al., 1996), suggested that Chordin too might
s of reproduction in any form reserved.
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245Ihh and BMP/Noggin Signaling during Cartilage Differentiationbe regulated by Ihh. We therefore examined Chordin ex-
ression following Ihh misexpression and found that it is,
ndeed, up-regulated in a domain very similar to that of
THrP on embryonic day 8 (Figs. 4A–4C). We also exam-
ned Noggin expression in infected cartilage elements and
ound that it is expressed throughout the skeletal elements
p to at least embryonic day 8 in humerus and ulna (Fig.
D). Together these data indicate that Ihh modulates BMP
ignaling not only by modifying the expression of different
MP genes but also indirectly by influencing the produc-
ion of the BMP antagonists Chordin and Noggin.
Noggin Misexpression Disrupts Skeletal
Development
The differential regulation of different BMP genes we
observed in response to Ihh suggests that they might have
some distinct functions during bone development. How-
ever, their overlapping expression patterns raise the possi-
bility that they also may play partially redundant roles.
Since Noggin binds and functionally inactivates many, if
not all members of the BMP family, including BMP2,
BMP4, and BMP7 (Zimmerman et al., 1996), we reasoned
that it could provide a potent tool to further explore the
roles played by BMPs during cartilage differentiation. It has
been suggested that BMP signaling is critical for several
different stages of limb development (Zou et al., 1997). To
examine the early roles of BMP signaling on cartilage
condensation we used a replication competent retroviral
vector to misexpress Noggin in the hindlimb primordia at
HH stage 10, which leads to a complete infection of the
limb tissue during limb outgrowth. This infection resulted
in paddle-shaped limbs at HH stage 26 which showed no
sign of cartilage formation after Alcian blue staining (Fig.
5A). The absence of detectable cartilage supports the idea
that BMP signaling is necessary for the condensation of
mesenchymal cells into cartilage elements. Similar results
have also been obtained in other studies (Capdevila and
Johnson, 1998).
To analyze a potential later role of BMP signaling on
chondrocyte differentiation, we misexpressed Noggin in the
posterior limb bud at HH stage 22, a time point when the
condensations of humerus, ulna, and radius are starting to
form. Due to a delay of about 16 h between viral injection
and protein expression, the retrovirally produced Noggin
should affect the developing cartilage elements of humerus,
ulna, and radius after the condensation phase. Alcian blue
staining of the cartilage elements at different time points
after infection with the Noggin-expressing retrovirus re-
vealed a shortening of the skeletal elements in the infected
limb region, which is already visible by day 6 of embryonic
development and becomes increasingly more severe during
later stages (Figs. 5B and 5C and data not shown). The
severity of the phenotype was variable and ranged from
slight shortening of the ulna to severe reduction, producing
very short cartilage elements, which often failed to connect
to both wrist and elbow joints (Fig. 5C). As a consequence of
the shortening of the ulna, the unaffected radius was bent to
Copyright © 1999 by Academic Press. All rightFIG. 4. Ihh misexpression upregulates Chordin, PTHrP, and Noggin
xpression during cartilage development. Ihh-infected chicken wings
rom day 8 of development were sectioned and hybridized with 33P-
abeled RNA probes for Ihh (A), Chordin (B), PTHrP (C), and Noggin (D).
–C are serial sections whereas D is derived from a different limb
imilarly infected with Ihh. Chordin is strongly upregulated in the joint
egion overlapping with PTHrP, whereas Noggin is expressed throughoutthe entire cartilage element. H, humerus; U, ulna.
s of reproduction in any form reserved.
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246 Pathi et al.various degrees. As the virus continues to spread, the
protocol often resulted in anterior infection and subsequent
impairment of radius development at later stages.
To verify that the posterior cartilage defects we observed
were not dependent on the earlier role of BMPs in anterior–
posterior patterning (Duprez et al., 1996b; Laufer et al.,
1994; Niswander et al., 1994; Yang et al., 1997), we targeted
infection to the anterior limb bud. Such misexpression
resulted primarily in the reduction of the radius and to a
lesser degree of the ulna (Fig. 5C), indicating that the
shortening of the skeletal elements by Noggin is a direct
consequence of inhibiting cartilage development.
Blocking BMP Signaling Interferes with
Chondrocyte Differentiation
The shortening of the cartilage elements in Noggin-
infected limbs could potentially be the result of reduced
proliferation, decreased recruitment of chondrocytes, or
of disturbed chondrocyte differentiation. To identify
more accurately the specific steps of bone development
affected by Noggin misexpression, we harvested and
analyzed serial sections of infected limbs at embryonic
days 8 and 10. Safranin–Weigert staining was used to
visualize chondrocyte morphology. To analyze the differ-
entiation state of the chondrocytes on a molecular level,
in situ hybridization was carried out on parallel sections
with probes for Col-X and Ihh, markers for the hypertro-
phic and the prehypertrophic cells, respectively. By em-
bryonic day 8 the uninfected humerus, ulna, and radius
normally display distinct regions of hypertrophic cells in
the core of the skeletal elements. In contrast, after
misexpression of Noggin, morphological staining as well
as the expression of Ihh and Col-X indicated a reduction
r complete absence of hypertrophic cells in the affected
keletal elements. In highly affected limbs, the posterior
FIG. 5. Noggin misexpression during limb outgrowth changes th
were harvested on day 5 (A), day 8 (B), and day 10 (C and D) of de
primordia of HH stage 10 embryos resulted in a block of cartilage co
of the limb bud at HH stage 22, which resulted in a shortening of th
mildly affected. (D) To exclude that the observed phenotype is deriv
to a proliferation effect after disturbing anterior–posterior patterni
limb is highly affected and all the skeletal elements are reduced in
posterior regions. H, humerus; U, ulna; R, right wing, infected; L,
FIG. 6. Noggin misexpression disrupts cartilage development. (A
development were hybridized with 33P-labeled RNA probes for C
morphology analysis. (B) Higher magnification of humerus, ulna, an
morphology of the chondrocytes. (A and B) The ulna in this limb is s
the humerus is less affected. The highly affected ulna does not sho
the chondrocytes all appear like small undifferentiated cells (B). Th
chondrocytes and might be arrested at an even earlier step of diffe
reduced in size and shows a reduced level of Ihh expression compa
a few cells, that are scattered in the Ihh expression domain (A). Th
f the gene. (C) Section through a different limb exhibiting absenc
hh in the humerus (white arrowhead). In both limbs (A and C) no
ol-IX expression demarcates the cartilage elements. H, humerus; U, u
Copyright © 1999 by Academic Press. All rightlna displayed the strongest phenotype and was often
educed to only a very short cartilage element. Morpho-
ogically the chondrocytes throughout these skeletal el-
ments appeared immature and less differentiated (Fig.
B), similar to those in normal skeletal elements at the
rst stages after condensation. Corresponding to the lack
f morphologically hypertrophic chondrocytes, neither
ol-X nor Ihh were expressed in these cartilage elements
(Fig. 6A). Hybridization to a probe for Col-IX, which is
expressed during all stages of chondrocyte differentia-
tion, verified that the chondrocytes in infected skeletal
elements are still fully viable and able to express Col-IX
(Fig. 6C). In less severely affected ulnae the chondrocytes
were delayed in their development and only a small
amount appeared to be hypertrophic after Safranin–
Weigert staining or by the expression of Col-X and Ihh
data not shown). These results indicate that misexpres-
ion of Noggin severely disrupts the process of cartilage
differentiation.
During the earliest stages of skeletal development the
cartilage elements continue to condense and chondrocytes
start to proliferate, raising the possibility that in severely
affected ulnae ectopic Noggin might have interfered with
one of these processes. We therefore additionally analyzed
the effect of Noggin misexpression on differentiation of
chondrocytes in the humerus which condenses before ulna
and radius and is therefore exposed to ectopic Noggin
misexpression at a later state of its development. Although
the humeri clearly develop beyond the condensation stage,
chondrocyte differentiation is severely disrupted. Col-X
expression is either reduced (Fig. 6A) or absent (Fig. 6C) and
Ihh expression is reduced to various degrees (Figs. 6A and
6C). Importantly both the size of the Ihh expression domain
nd the level of Ihh expression are reduced after Noggin
isexpression (Figs. 6B and 6C), suggesting that BMP sig-
aling is necessary for chondrocyte differentiation.
rphology of the skeletal elements. Noggin-infected chicken wings
ment and stained with Alcian blue. (A) Infection of the hindlimb
sation. (B and C) The infection was targeted to the posterior region
ng skeletal elements, especially of ulna and digit 4. Both limbs are
om a direct effect of Noggin on cartilage development and not due
e anterior side of the limb bud was infected at HH stage 22. The
However, the anterior radius and digit 1 are stronger affected than
ing, uninfected.
C) Serial sections of Noggin retrovirus-infected wings on day 8 of
X, Col-X, Ihh, and Noggin or stained with Safranin–Weigert for
dius shown in A) after Safranin–Weigert staining demonstrates the
ly affected and reduced to only a small cartilage fragment, whereas
y sign of Col-X or Ihh expression (A) and at higher magnification
o not display the characteristic stacked appearance of proliferating
tion. The humerus in this limb is affected to a lesser extent. It is
ith the radius and the digits (A). Col-X expression is found in only
bridization with Noggin shows the posterior-biased misexpression
ol-X expression and a severe reduction of the expression level of
itional expression of Col-X could be detected on parallel sections.e mo
velop
nden
e wi
ed fr
ng, th
size.
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Copyright © 1999 by Academic Press. All rightFeedback Regulation of BMP signaling
We observed that BMP, Noggin, Chordin, and PTHrP
expressions are all influenced by Ihh activity. Since Noggin
misexpression results in a block or delay of Ihh expression,
it would be expected that Noggin would have at least an
indirect effect on BMP expression. Additionally, the level of
BMP signaling could directly feed back on the expression of
BMP ligands and/or their antagonists. To begin to address
these possibilities, we analyzed the expression of BMP4 and
Chordin after Noggin misexpression (Fig. 7). There is a
reduced level of perichondrial BMP4 expression flanking
egions with reduced Ihh expression (Fig. 7, black arrow),
consistent with BMP4 being regulated by Ihh. Outside the
hh expression domain, however, BMP4 is strongly upregu-
ated in the perichondrium, when Noggin is misexpressed
n this tissue (Fig. 7; black arrowheads). This upregulation
akes place without the induction of Ihh (compare to Fig. 6,
hh hybridization to the same limb shows no expression in
he ulna). Together these expression patterns indicate, that
MP4 expression can be regulated by two different systems:
nduction by Ihh in the perichondrium flanking the Ihh
xpression domain and an autoregulatory loop, where BMP
ignaling reduces BMP4 expression in the perichondrium
utside the Ihh expression domain.
Chordin and PTHrP are normally expressed in overlapping
domains in the periarticular regions between the skeletal
elements and are both upregulated by Ihh, suggesting a similar
regulatory control of their expression. After Noggin misex-
ression both genes are still expressed in the perichondrium of
he joint region, similar to their normal expression domains
Fig. 7, white arrow, and data not shown). However, Chordin
s in addition expressed in a broader, less sharply defined
omain of the perichondrium extending medially from the
oints of the infected humerus and ulna (Fig. 7; white arrow-
ead), suggesting that the normal expression domain of Chor-
in is in part controlled by negative regulation by BMP
ignaling in the perichondrium.
DISCUSSION
Regulation of BMP Expression by Ihh during
Cartilage Differentiation
Regulation of the morphogenesis of highly patterned
structures such as the skeletal elements is dependent on the
level in the perichondrium of the humerus flanking the weakex-
pression of Ihh (black arrow; compare to Fig. 6, which shows
ections of the same limb). Outside the Ihh expression domain in
he humerus and in the highly infected ulna a strong upregulation
f BMP4 is detected where Noggin is expressed in the perichon-
rium (black arrowheads). (C) Chordin is expressed in the joint
egion (white arrow) but an additional expression domain is de-
ected in the perichondrium of the ulna (white arrowhead). The
lue arrow indicates the border of the Ihh expression domain. H,FIG. 7. Noggin misexpression upregulates BMP4 and Chordin
expression in the perichondrium. Serial sections of a Noggin-
infected wing on day 8 of development were hybridized with
33P-labeled RNA probes for Noggin (A), BMP4 (B), and Chordin (C).
(A) Shows the viral expression of Noggin and the endogenousumerus; U, ulna.
s of reproduction in any form reserved.
249Ihh and BMP/Noggin Signaling during Cartilage Differentiationinterplay of many signaling systems. Thus, understanding
the specific role of one signaling pathway requires an
appreciation of how it is integrated with other signals
present during bone development. Recently, overexpression
of constitutively activated BMP receptor IA (Zou et al.,
1997) and overexpression of Ihh (Vortkamp et al., 1996)
indicated that both pathways regulate hypertrophic chon-
drocyte differentiation. Because Ihh was not upregulated by
activated BMP signaling, it acts either parallel with or
upstream of BMPs in this process. To gain insight into
whether BMPs might be regulated by Ihh we analyzed the
relative expression domains of different BMP genes and that
of Ihh during hypertrophic differentiation in chicken limbs.
Several members of the BMP family are expressed during
this process. We and others have previously found that
BMP6 is expressed within the prehypertrophic and the
hypertrophic chondrocytes and that the distal borders of
BMP6 expression align with the distal borders of Ihh
expression (Kingsley, 1994b; Vortkamp et al., 1996). Here
we show that the expression domains of BMP2, BMP4,
BMP5, and BMP7 in the perichondrium also relate to the
Ihh expression domain. BMP7 expression is restricted to a
domain adjacent to that of Ihh in the chondrocytes. While
the expression domains of BMP2, BMP4, and BMP5 extend
further toward the distal ends of the cartilage elements, the
borders of the Ihh expression domain are reflected in a
change in the expression level of each of these BMP genes.
BMP2 and BMP4 are strongly expressed flanking the region
of Ihh expression and only faintly distal to it, while BMP5
is weakly expressed flanking the Ihh-expressing chondro-
cytes and more strongly beyond it, flanking the proliferat-
ing chondrocytes.
To determine whether these parallels in gene expression
might reflect a direct regulatory relationship, we misex-
pressed Ihh using a retroviral vector. If Ihh directly regu-
lates the expression of BMP genes, ectopic expression of Ihh
should lead to BMP expression throughout the perichon-
drium in a pattern characteristic of that normally flanking
Ihh expression in the prehypertrophic zone. If only depen-
dent upon Ihh, this expression pattern should be indepen-
dent of the state of adjacent chondrocyte differentiation.
Alternatively, the correlation between BMP and Ihh expres-
sion domains could be established by other inductive sig-
nals, which are produced by specific types of chondrocytes
and which regulate Ihh and BMP expression independently.
In this case, ectopic expression of Ihh should lead to a BMP
expression level throughout the perichondrium which re-
flects the differentiation state of the adjacent chondrocytes.
Since Ihh misexpression blocks chondrocyte differentiation
before these reach the prehypertrophic state (Vortkamp et
al., 1996), the expression of the BMP genes should resemble
the expression that is normally found flanking the prolifer-
ating cells.
Our analysis revealed that different BMP genes react to
Ihh misexpression in different ways. We have previously
shown that BMP6 expression, normally found in the differ-
entiated stages of chondrocytes, is lost after Ihh misexpres-
Copyright © 1999 by Academic Press. All rightsion. Therefore, BMP6 expression is not directly regulated
by Ihh and its loss is dependent on the lack of differentiat-
ing chondrocytes (Vortkamp et al., 1996). Similarly, we
show here that the perichondral expression of BMP5 and
BMP7 after Ihh misexpression resembles the expression
normally found adjacent to the proliferating chondrocytes:
BMP5 expression is elevated and BMP7 expression is absent
or reduced, indicating that the change in expression is a
consequence of the block in chondrocyte differentiation
instead of a direct regulation by Ihh. In contrast to BMP5,
BMP6, and BMP7, the expression of BMP2 and BMP4 is
strongly upregulated along the entire perichondrium of the
infected skeletal elements after Ihh misexpression. This
upregulated expression flanks proliferating cells and is
especially evident toward the distal ends of the skeletal
elements where the expression of both BMPs normally
fades. Therefore, BMP2 and BMP4 are good candidates for
being directly regulated by Ihh. Consistent with this, we
found that after Noggin misexpression the expression level
of BMP4 is reduced in regions flanking chondrocytes which
exhibit a decreased level of Ihh expression.
Ihh expression has been shown to regulate PTHrP expres-
sion in the periarticular perichondrium (Vortkamp et al.,
1996). However, because hedgehog molecules are not
thought to travel over long distances, secondary signaling
would seem to be required to mediate the regulatory re-
sponse of Ihh from the prehypertrophic region to the joint
region. Constitutive activation of BMP signaling has been
shown to suppress hypertrophic differentiation and to up-
regulate PTHrP expression in the periarticular perichon-
drium without inducing Ihh expression. Therefore BMPs
have been hypothesized to act as secondary signals down-
stream of Ihh (Zou et al., 1997). In light of these experi-
ments our analysis supports the possibility that BMP4 and
BMP2, but not BMP5, BMP6, and BMP7 might serve as
these secondary signals which could act through the BMP
receptor-IA in the periarticular cartilage (Zou et al., 1997) to
mediate the induction of PTHrP. Interestingly, Chordin is
also strongly upregulated overlapping with PTHrP in the
joint region, indicating the importance of a tight regulation
of BMP signaling in the distal joints for proper cartilage
development.
In addition to Ihh signaling from the chondrocytes to the
adjacent perichondrium, there is reason to believe that
there might be reciprocal signaling from the perichondrium
to the differentiating chondrocytes. The differentiation of
hypertrophic and prehypertrophic chondrocytes is normally
flanked by the differentiation of the perichondrium into a
periosteum, which contains bone-producing osteoblasts.
The distal border of the bone-producing cells in the
perichondrium/periosteum correlates very well with the
distal border of the Ihh-producing prehypertrophic cells
(data not show), suggesting an interregulation of the two
processes. It is interesting that the perichondrium/
periosteum flanking the prehypertrophic and hypertrophic
cells produces a high local source of BMPs including BMP7
and elevated levels of BMP2 and BMP4. The BMP
s of reproduction in any form reserved.
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250 Pathi et al.receptor-IA which can interact with these factors is ex-
pressed in the adjacent prehypertrophic chondrocytes (Zou
et al., 1997). Therefore upregulation of BMP expression in
the perichondrium/periosteum by Ihh from the prehyper-
trophic chondrocytes might also be involved in coordinat-
ing hypertrophic differentiation with the adjacent differen-
tiation of a bone-producing periosteum. It would be
interesting in future experiments to analyze whether acti-
vation of BMP signaling can reciprocally influence the
expression of Ihh in the differentiating chondrocytes.
BMP Antagonists in Bone Morphogenesis
It is becoming increasingly clear that many aspects of
pattern formation in vertebrates are regulated by opposing
activities of secreted ligands and their antagonists which
together define the tightly regulated spatial domains of
target activation (Fainsod et al., 1997; Hirsinger et al., 1997;
Marcelle et al., 1997; Piccolo et al., 1996, 1997; Reshef et
l., 1998; Zimmerman et al., 1996). The differentiation of
the cartilage elements is an additional context where this
type of control is utilized. Both Noggin and Chordin are
expressed in domains that allow them to modulate and
fine-tune BMP signaling. Noggin is expressed in the early
cartilage condensations and, as the skeletal elements are
established, becomes progressively restricted to the chon-
drocytes in the distal ends of the cartilage elements (this
paper; Brunet et al., 1998; Capdevila and Johnson, 1998;
Merino et al., 1998). BMP signaling is believed to induce the
condensation of the cartilage elements and the early expres-
sion of Noggin in the condensing chondrocytes might then
serve to restrict the chondrogenic activity of BMPs, thereby
limiting the size of the condensations. This is supported by
different experiments: misexpression of Noggin during the
earliest stages of limb outgrowth can completely block
cartilage formation (this paper; Capdevila and Johnson,
1998; Merino et al., 1998), whereas targeted disruption of
Noggin in mice results in a massive expansion of the
cartilage elements (Brunet et al., 1998). In addition to the
expansion of the cartilage, joint development in these mice
is severely impaired, indicating a second role of Noggin in
defining the borders of the cartilage elements. To further
characterize the role of BMP signaling during cartilage
differentiation, we misexpressed Noggin by infecting early
limb bud stages, thereby limiting expression of significant
amounts of Noggin to times after the condensations of
humerus, ulna and radius had formed. The resulting skel-
etal elements are present, but extremely reduced in size,
supporting the idea that BMP signaling is necessary not
only for the initial condensation of cartilage elements but
also for their subsequent development (see below).
Chordin is expressed in the periarticular perichondrium
of the chicken wing in a region overlapping with but wider
than that of PTHrP. Both of these genes are upregulated in
response to Ihh. It will be interesting to test in the future
whether, like PTHrP, the induction of Chordin by Ihh is
mediated by BMP signaling. The expression of various BMP
genes, the BMP receptor-IA, and at least two BMP antago- s
Copyright © 1999 by Academic Press. All rightnists in the distal ends of the skeletal elements suggests
that BMP signaling in this region is carefully regulated and
therefore seems to be of high importance for the develop-
ment of the skeletal elements. It is interesting that, in
contrast to the overlapping expression of Noggin and Chor-
din in the Spemann organizer during Xenopus gastrulation
(Sasai et al., 1994; Smith and Harland, 1992; Smith et al.,
1993), the expression of these two BMP antagonists does
not overlap during the development of the cartilage ele-
ments, suggesting that Noggin and Chordin modulate dif-
ferent aspects of BMP signaling during bone development.
The use of these factors for distinct functions could have a
further biochemical basis, since it has not been established
whether the two antagonists have different affinities for
each of the members of the BMP family, which themselves
might have partially distinct activities from one another.
Using Antagonists to Probe the Role of BMP
Signaling during Endochondral Differentiation
To analyze the importance of BMP signaling during
cartilage differentiation we misexpressed Noggin in the
posterior limb bud by infecting limbs with a Noggin virus at
H stage 22 when the condensations of humerus, ulna, and
adius are being induced. In response to Noggin misexpres-
ion, and the resultant decrease in BMP signaling, we
bserve a decrease in chondrogenic differentiation. Since
he rate of chondrogenesis is tied to the size of the cartilage
lements, in principle the decreased differentiation could be
xplained in a number of ways: (a) decreased early prolifera-
ion, (b) increased early cell death, (c) reduced condensation,
r (d) interference with the chondrogenic differentiation
rogram itself. The first three possibilities would represent
ndirect causes of delayed differentiation, whereas the last
ould constitute a direct role of BMPs in regulating chon-
rogenic differentiation. The current study cannot defini-
ively differentiate between these possibilities. Since BMPs
ppear to act at multiple stages of endochondral develop-
ent (Zou et al., 1997), several of these possibilities may be
cting in concert to produce the observed phenotypes. For
he most severely affected ulnae we therefore cannot defi-
itely determine the cause of the block in chondrocyte
ifferentiation. However, as discussed below, our analysis
trongly suggests that Noggin decreases differentiation
ven in examples (humerus) where it appears to be acting on
ate stages of skeletal development, too late for alterations
n condensation, early proliferation, and early cell death to
ffect the size of the elements. We therefore favor the
ypothesis that, at least in these cases, Noggin application
eveals a direct role for BMPs in regulating chondrogenic
ifferentiation. The multiple effects of BMPs during skel-
togenesis is highlighted by the fact that gain-of-function
xperiments using BMPs (Duprez et al., 1996a) or activated
eceptors (Zou et al., 1997) give the same result as loss-of-
unction experiments using Noggin unisex-pression delayed
ypertrophy. The seemingly paradoxical results of these
arious experiments likely reflect different aspects of BMP
ignaling during the course of chondrogenesis and depend
s of reproduction in any form reserved.
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251Ihh and BMP/Noggin Signaling during Cartilage Differentiationpartly on the time at which each of these reagents was
applied.
We designed our Noggin experiments to test the role(s) of
BMP signaling in the differentiation of the already formed
cartilage elements. There is a delay of about 16 h after
infection before viral expression is observed, which limits
significant misexpression of Noggin to stages after the
cartilage condensations have formed in humerus, ulna, and
radius. While the late process of condensation might over-
lap with the time of initial Noggin misexpression in the
more distal cartilage elements, this is unlikely to be true for
the humerus since the cartilage condensations are formed
sequentially from proximal to distal and the proximal
humerus is therefore at a relatively later state of differen-
tiation than the ulna and the digits. It is therefore signifi-
cant that, when the infected region included the proximal
limb bud, a similar skeletal phenotype was observed to that
seen in the distal elements: a shortening of the skeletal
elements in the infected area most likely due to disturbed
chondrocyte differentiation. The severity of the phenotype
varied, depending on the degree of the infection. In extreme
cases, the affected ulna and posteriormost digit 4 were only
small rudimentary condensations which often failed to
connect to the joints with both ends of the bone. In these
cartilage elements there was no sign of hypertrophic differ-
entiation on E8 and E10 on either a molecular or morpho-
logical level. The lack of differentiated chondrocytes in the
presumed absence of BMP signaling might indicate a direct
requirement of BMPs for hypertrophic differentiation. How-
ever, for the most severely affected skeletal elements (ul-
nae) we cannot exclude an interference of Noggin with the
late stages of condensation or an inhibition of early chon-
drocyte proliferation, either of which would result in carti-
lage elements too small to initiate the differentiation pro-
gram. In this context it is worth noting that implantation of
Noggin beads into developing chicken digits has been
reported to result in an induction of apoptosis in the
progress zone, leading to digit truncations (Merino et al.,
1998). This provides another potential mechanism by
which limiting BMP signaling could affect the size of the
skeletal elements when Noggin misexpression is achieved
at an early enough stage. Further experiments including
proliferation and apoptosis studies are necessary to investi-
gate the role of BMP signaling at these early stages of
cartilage development.
In contrast to these potential early effects of Noggin on
chondrogenesis, we find that limiting BMP signaling at
stages where the condensation process is presumably com-
pleted results in severe impairment of chondrocyte differ-
entiation. This is most clearly demonstrated in the case of
infection of the humerus, which forms relatively early. In
the humeri analyzed, Col-X expression on embryonic day 8
was either reduced to only a few cells or completely absent
although the humeri reached a reasonable size. Further-
more, the domain of Ihh expression was reduced and, more
importantly, the level of Ihh expression was severely di-
minished in the affected humeri. These experiments sug-
Copyright © 1999 by Academic Press. All rightest an inductive role of BMP signaling on the differentia-
ion of chondrocytes in addition to the early role in
nducing chondrocyte condensations. Accordingly, misex-
ression of dominant-negative BMP receptors in sternal
hondrocyte cultures has recently also indicated a role of
MP signaling in maintaining the differentiation state of
ypertrophic chondrocytes (Enomoto-Iwamoto et al., 1998)
Our results complement recent studies using activated
and dominant-negative BMP receptors in vivo to explore
the roles of BMP signals during endochondral differentia-
tion (Zou and Niswander, 1996). The effects of Noggin
misexpression are more severe than those of misexpression
of dominant-negative BMP receptors. Noggin might there-
fore inhibit a much wider spectrum of BMP genes and
overcome the possible redundancy of BMP function more
effectively than a dominant-negative BMP receptor. In
addition, unlike the virally misexpressed receptors, Noggin
as a secreted factor can diffuse through the tissue and have
an effect on cells that are not infected by the virus itself.
Interregulation of Ihh and BMP Signaling
The misexpression of either Ihh or constitutively active
BMP receptor-IA results in upregulation of PTHrP in the
eriarticular perichondrium (Vortkamp et al., 1996; Zou et
l., 1997). We found that Chordin is similarly upregulated
by Ihh misexpression in a domain overlapping with that of
PTHrP. Together, these results suggest that both PTHrP and
Chordin might be positively influenced by BMP signaling
and hence should be repressed by Noggin misexpression.
However, in contrast to this expectation, following Noggin
misexpression, PTHrP and Chordin are still expressed in a
domain that seems to reflect their normal expression in the
periarticular perichondrium, albeit possibly at a lower level.
Accordingly, Noggin misexpression does not result in ad-
vanced chondrocyte hypertrophy under our experimental
conditions, as would be expected if BMPs only played a role
in mediating the Ihh signal.
In addition, we found that in Noggin-infected limbs the
levels of expression of both BMP4 and Chordin are in-
creased in the perichondrium flanking the distal shaft of the
skeletal element outside the Ihh expression domain. This
increase in BMP4 expression is Ihh independent, suggesting
the existence of an autoregulatory negative feedback loop of
BMP signaling on at least BMP4 expression, thereby provid-
ing a buffering system to stabilize the level of BMP signal-
ing during chondrogenesis. This negative feedback loop
might however counteract our experimental attempts to
eliminate BMP signaling via Noggin misexpression: The
overexpression of the antagonist Noggin is followed by the
upregulation of the ligand BMP4, hence partially overcom-
ing the negative effect of Noggin on the BMP signal. Thus
the phenotypes we observe might reflect only a decrease
rather than a complete abrogation of BMP signaling. These
data also suggest that it will be important in the future to
determine whether upregulation of BMP signaling, for ex-
ample by overexpression of BMP genes or an activated
s of reproduction in any form reserved.
L252 Pathi et al.receptor, will reciprocally result in the induction of Noggin
and/or Chordin expression.
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